ABSTRACT (Continue on reverse if necessary and identify by block number)
The system of an impurity electron coupled to localized phonons is considered under the strong excitation of an external laser field. The resonance fluorescence spectrum is calculated for a two-level impurity atom. A hole and an antihole are found on the sidebands of the spectrum. Characteristic features of these novel structures are examined, and their physical origin is discussed.
Resonance fluorescence (RF) has been a topic of wide interest. Since it often involves the interaction of intense laser fields with atomic electrons, it serves as an important example of quantum electrodynamics. The I first complete treatment of the problem was given by Mollow in 1969 . Three peaks in the spectrum of the scattered light were predicted for an atom driven near resonance by a monochromatic classical electric field. The theory was confirmed experimentally a few years later. In the case of RF, the resulting spectrum is expected to depend upon the environment as well. In fact, an RF spectrum with asymmetric sidebands has been predicted and experimentally verified for gas atoms colliding with foreign atoms. A subnatural or supernatural linewidth of the central peak has been 10 predicted for a two-level atom in a squeezed vacuum.
For an atom inside an optical cavity, the sideband width is found to be given by the atom-cavity coupling coefficient. In addition, there has also been a theoretical 12 investigation related to the surface-dressed RF spectrum.
13 We study the RF spectrum, in this Letter, for an impurity center formed by an atom embedded in a semiconductor.
The electron bound to the impurity center couples with both the external laser field and localized phonon modes. Studies of light interaction with impurity states in ruby has led to the first laser.
Localized phonon modes considered in this system represent oscillations of the impurity atom which are assumed to be harmonic. Their frequencies are normally far from the resonance of the plasma excitation, and hence the coupling between the atomic motion and electronic excitations is expected to play an important role in the light scattering process. The electron-phonon coupling represents one example of the interaction between boson and fermion fields and shows up in many different contexts in solid-state physics. 1 5 Let us assume that the impurity center has only two nondegenerate states 1+> and 1-> with an energy separation w . When the external laser -iwLt field E(t) = ELe + c.c. with wL = We splits each of the two states, and when the splitting is on resonance with one of the phonon modes, it is then found that phonons can burn a hole on one of the sidebands and an antihole on the other in the RF spectrum.
Let at (a) be the fermion raising (lowering) operator for the two-level atom and bt (bi) the boson creation (annihilation) operator for the i-th phonon mode. Since w. is much lower than w ' The electron-phonon coupling will not induce an electronic transition, and hence the Hamiltonian of our interacting system can be written as
A a a(b±b) Defining the mean values q -<ata>, a -<a>, and f<b>, we find the steady-state solutions in the rotating frame as 
where second-and higher-order terms are neglected.
The power spectrum of the scattered field S(w) is the Fourier transform of the correlation function <a (t)a> 0 , and it can be decomposed into coherent and incoherent parts as
con inc
where (8) where the numerator and denominator are given respectively by The denominator D is a fifth-order polynomial in p, and its zeros cannot be solved analytically in general. In our numerical study, however, we find that the last term of (9b) 
Comparing the last factor of (10) with the power spectrum for a system that does not involve phonons, we see that the only difference is the extra term ilAO0 in w and w Physically, this term represents the energy correction due to the electron-phonon coupling. Since a third-order polynomial can always be factorized, the power spectrum (8) can be decomposed into five terms as
where h I and h 2 represent the first three and last two terms of the spectrum, respectively, and the numerators A. are defined by Since Aa 2 (p) is the Laplace transform of <6a(t)6a> O , and since <5a(-t)6a> 0 <8a(t)6a>o, it is not difficult to show that'
where we have replaced p by i(v-wL).
Since we are oniy interested in the relative values of the scattered field spectrum, we define for convenience the spectrum
From the expressions (1l)- (14) , one can easily analyze the physical origin of the spectral shape. gl(v) represents the dominant part that originates from phonon-assisted optical dynamical splitting, and g 2 (v) represents the other part that is solely phonon-mediated. The former has three absorption peaks at
This indicates that the dynamical splitting induced by the driving laser field for each of the two electron 2 2 levels is R -[40 +(A+AQ 0 ) 1 , which depends not only on the intensity of the laser but also on the electron-phonon coupling strength. Evidently, stronger coupling leads to wider dynamical splitting, a fact that has never been reported in ordinary resonance fluorescence processes. I 1 1 9 The latter, g2(v), The unit adopted in our calculation is such that 7 /2 = 1.
The spectrum of scattered light for 2 -5.12 is shown in Fig. 1 . The value of 2 is so chosen that the phonon-mediated hole and antihole appear at the peaks of the sidebands. The full spectrum calculated from (8) and (14) We now turn our attention to the behavior of g 2 (v). It is seen that the phonon contribution in 2(b) is at least an order of magnitude stronger than those in 2(a) and 2(c). What has to be emphasized here is that the function g 2 (v) in Fig. 2 has been amplified by a factor of ten to make the structures in 2(a) and 2(c) clearly observable. In addition,
we also find that the phonon-induced structures diminish as the side bands of gl(v) move farther away from the phonon resonance.
ii To study the physical origin of the hole and antihole. we look at the level splitting of tha two-level atom. As shown schematically in Fig. 3 
